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Chapter 1: htroduction
Biomassthe only abundant carbon-neutraland
rmewable resoumethat hasthe potential to produce
energy and chemicals forfuhre sustainal)1e industries
and replacethe ctmt petroleumbasedindustry･
Carbohydrates such as D-glucoseand D-fructose,
whch arethe umit compounds of cellulose, Canbe
converted to various valual)le compounds,indicating
it can be one of the key compounds　in　the
downstream chemical　processlng　丘om biomass
re紺urCeS. Ctmt conversion techniques of sugars
are fermentationthoughlong reaction dmes, and
dilute sugarconcentrationsare required･ Therefore,
the conversion throughchemical reactions, especially
什eatmentwithhightemperature water, is considered.
¶le gOalofthisthesis is to elucidate reaction
pathways and kinetics of D-glucoseand D-fhctose
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Scheme 1. Reaction pathway of D-glucose (1)and
D-fhctose (2) in high temperature highpressure water
based onthe literatureand this work.
reactionsinhigh temperature highpressure water at
pressures over 50 MPa. nle specific objectivesare I･ Equipment
Development, III Elucidation of Reaction pathway, IIII Evaluation of
reaction kinetics.
Chat)ter 2: Literature Review
Reactions of D-glucoseand D一触lCtOSeinhightemperature water
a托reviewed. TYle Survey Of experimentalmeastments showedthat
pressur朗uSed by researders has been limited to 50 MPa･ The
Dehyd rat】on reactlon
二::-I-;-Il
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reaction pathway of D-glucose (Scheme 1 ) in hightemperature water
has been constructedand showedthat the main reactionsare scheme 2. Estimatedtransitionstates
of dehydration and retro-aldol reaction in
high temperature water･
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dehydration, retro-aldol, hydration and tautomerization reactioms･ Compounds such as lactic acid, le…1inic acid,
glyceraldehyde and glycolaldehyde, as well asring compounds 5-hydroxymethy胤血ral (51HMF),血rfural,
1 ,2,4-benzenetriol (BTO) or multi-functional molecules that are very important in chemical processing canbe produced
from D-glucose in high temperature water, althoughtheir yields are low due to competitive reactions･ Especially ln
high temperature water increasing water, density increases water related reactions such as dehydration and hydration･
The selectivity of competitive reactions canpossibly be controlled kinetically by the different natures of the transition
states of the reaction such as: i) transition states where water takes partinthe transition state as in dehydrationand
hydrationand ii) transition states where water does not take part in the transition state such asinretro-aldol reaction
(scheme 2). The objective of this work was to elucidate reaction plathways and kinetics of D-glucose and D-hctose
reactions in high temperature high pressure water (over 50 MPa)･
ChaDter　3:　Development of a
continuous　flow reactor for
studving reactions at hidl
temDerattm　and ultra high
pressures
Reactionsof carbohydrates in
water at temperatures of400 oC or
more, pr∝eed on血e order of
mi I li seconds　　and　　there fore
reactions　were　performed in a
now reactor (Figure 1).　A
continuous　reactor system was
developed　that could achieve
pressures up t0 300 MPa at high
temperattm (ca. 400 oC). The
flow apparatusis consisted of I)
compression unit, 2) preheating
unit, 3) reactor, 4) coolingunit, 5)
Compression Preheatin9　　　Reactor Coo一ing
Unit Unit Unit
Depress u rizati o n
Unit
D-glucose soLut10n
Figure I Schematic diagramoftheflow reactor for studying reactionsof
D-glucoseand D一触ctose in water at high temperature and highpressures
depressurizationunit･ Water was fed intothe apparatus then preheated to supercritical temperatures byanelectriC
fumace before it was introduced into the reactor. A solution (eg. D-glucose ) kept at room temperature was also
introduced into the reactor丘om a different line. The reaction temperature was achieved by mlXlng the pressurized
solution and preheated water at the mixing POlnt. The solution reacted as it flowed throughthe reactorand was rapidly
cooled by a cooling jacketarea andthen the pressure was releasedinsteps by passing throughthe multiple back
pressure regulators･ The residencetime of the reactionswere varied from O･2 to l･7 s without changingthe total flow
rate at the given temperatureand pressure by shortening and extending the reactor lengthand thus changingthe reactor
volume, that allowed estimation of the end effects associatedwith mixlngand cooling regardless of residence time.
End effectsare important in evaluating reaction kinetics and was considered in Chapter 7･ TYLe reliabilityof the
apparatus was demonstrated by using D-hlCtOSe COnVerSions and it was confirmed thatthe reproducibilityof the data
was acceptable up to temperatures 400 oCand pressures 1 00 MPa･
Chapter 4: Reaction ofD-glucose in high temperature high pressure water
The reaction of D-glucose in high temperature water and the examination of the effect of pressures up to 80 MPa on
the product yields were studied.　At agiven temperature,anincreaseinwater density(ca･ 40 to 80 MPa) lead to an
increase in yields offurfural, 5-HMFand BTO (Figure 2)･ An increase in water density(ca･ 40 to 80 MPa)and
temperature (350 to 400 oC) enhanced dehydration reactions to provide 5-HMF, but also enhanced hydrolysis of 5-HMF
leading to the production ofBTO･
＼
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ChaDter 5: Reaction of D-fhctose　inhiEh temperature
high DreSStm Water
Reactions staning丘om D-fructose were studied. New
analytical　procedures were developed to quantify
compounds such as glyceraldehyde, pymValdehydeand
lactic acid. Hightemperatureand highpressure conditions
enhancedthe product yields of water related reactions such
as dehydrationand hydration reactions.Anincrease of
water densityat agiven temperature gave a decreasein
pymValdehyde, glyceraldehydeand dihydroxyacetone yields
(Figure　3).　The yield of lactic acid　increased　with
increasing temperature　and water density. A reaction
mechanism is proposed for lactic acid formationthat
proceeds through　a water catalyzed benzilic acid
rearrah畠ement　from pyruValdehyde (Scheme　3).
Comparison between D一触ctose and D一glucose experiments
showed very similarpressureand temperature dependence
for 5-HMF,仙land BTO. Water assisted retro-aldol
reaction is proposed forthe formation of血rfural丘om
D-glucoseand D-fhlCtOSe.
ChaDter 6: Reaction of degradation Products of D-finctose
and D-ducose　in　hiEh teml)erature hiEh Pressure Water
Experiments were conducted staning丘om feeds containing
the same components asthose identifiedinthe decomposltlOn
of D一片udose and D-glucose, such as　glyceraldehyde,
dihydroxyacetoneand 5-HMF. Reactions ofglyceraldehyde
and dihydroxyacetone gave　the same products, namely,
glyceraldehyde, dihydroxyacetone, formaldehyde, pyruvic
acid, pyruValdehyde, hydroxyacetone, and acetaldehyde.
The reaction pathway for either starting material　was
examined. The existence of pymValdehyde, pymc acid
and hydroxyl acetone gave evidence thatthe Cannizzaro
reaction of pymValdehyde producing pymc acid and
hydroxyacetone occurred. It was found that 51HMF was
stableinhightemperatuR Waterand reacted togive a
maximumof 5% Conversion. The product identified from
5-HMF reactions was BTO (blow l%)and it was con丘med
th如1evulinic acidand血血l were not produced斤omthe
reach on.
Chapter 7: Evaluation of reaction kinetics ofD-ducose and
DhICtOSe related reactionsinhidl temperature high DreSSure
睡　Inview of evaluating all of the reaction rate
constants of D-glucose and D一触ICtOSe,丘rst, kinetics for
related reactions starting　from glyceraldehyde　and
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Figure 2. Yields of (ロ,■)furfural, (○,●)
5-hydroxymethylfurfural　and　( △ , ▲ )
1,2,4-benzenetriol as afunction water densityand
tempera山re at residence time 0.7 and 0.8 S; white
and black symbols represent reactions conducted at
350 oCand 400 oC, respectively.
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Figure 3. Yields of (口,■) lactic acid, (◇,◆)
glyceraldehyde, (○,●) dihydroxyacetone and (▽,
T) pymvaldehyde as afunction of water densityand
temperature at residence time 0.5and 0.6 S; white
and black symbols represent reactions conducted at
350 oC and 400℃, respectively.
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Sch me　3.　Estimated reaction mechanism or
benzilic acid rearrangement from pymValdehyde
(4) to lac ic acid (5) in water at high temperature
and high pressur s.
dihydroxyacetone was examined (Scheme 4)･ Theglyceraldehydeand dihydroxyacetone experiments providedthe
most relial)le data due tothe improvement of apparatus maintenance and operation techmiques･Kinetic analysis
showedthat a dehydration reaction pathway to pyruValdehydefrom dihydroxyacetone other thanviaglyceraldehyde
existed. Kinetic rate constants showed dependence to water densityat constant tempera山re conditions･ Rate
constants for reactions such as dehydration, benzilic acid reaLTWgementand isomerizatiOn reaction from
dihydroxyacetone toglyceraldehydeincreasedwithincreasing water densityto ultra highpressum ( 1 00 MPa)･ Rate
constants such as retro-aldoland isomerization reactionfromglyceraldehyde to dihydroxyacetone decreasedwith
increasing water densityup to ultra highpressures･
chapter 8: Conclusions The yields of dehydration products (5-HMF, BTOand血血r叫and organic acid (lactic
acid) increasewithwater densityat ultra highpresstm (100 MPa)･ The reaction rate of water related reactions such
as dehydrationand benzilic acid rearrangementare enhancedwithincreasing water densityand retro-aldol reactionsare
suppressed･ Ths means that selectivities of the reaction pathways can be conveniently controlledwithpressureand
water density.
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scheme 4. Reaction pathways of D-glucoseand D-fructose in high temperature water at ultra high pressures
according to仙eir dependence on water density･
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論文審査結果の要旨
本論文の目的は､炭水化物であるD-グルコース､ D-フラクト-スの高温､超高圧水中での化学と動力学を明らか
にすることである｡本研究は､バイオマスの代表成分である炭水化物からの新しい化学変換/レートの発見のみなら
ず､化石資源に依存せず､有害な薬剤や有機溶媒を用いない､簡素な工程で､短時間で化学製品を製造する､持続
可能な化学産業の構築に必要な化学技術の創設に資するものである｡
第1章は､緒論であり､バイオマスの化学原料としての重要性を述べている｡ D-グルコースから多くの重要な化
学品が得られることを指摘し､石油化学から/Vオマス化学-の転換の可能性と本研究の目的を述べている0
第2章では､熱水中での､ D-グルコース､ D-フラクト-スの変換反応に関する文献調査を行い､高温水中での反
応経路と反応条件を纏めているo従来の反応条件においては主力は高々50MPaまでしか行われておらず､超臨界領
域での変換反応に及ぼす密度の効鼎淵牢明で､超高圧での実験研究の必要性を述べ､本研究の意義を明らかにし
ている6
第3章では､反応湿度400℃､反応圧力3∝MPa､反応時間100mオーダーの実験が可能な流通式反応装置の開
発を行っている｡本装静胡云応管入り口に設けた旋回流型混合米で超臨界水と常温の溶液を混合して急速昇温し､
反応管出口部に冷却ジャケットを設けて反応を停止させる｡本装置は､冷却ジャケットを管に沿って移動させ､反
応管の長さを変えて､一定流速下で反応時間の異なるデータを採取し､端効果補正による精度の高い動力学解析-
の使用も目指したものである｡
第4章では､ 3章で開発した装置を用い､ Dlgh-Jレコースの変換反応を長時間安定操作が可能な400℃､ 80MPaまで
の実験条件で行っているo熱水中での糖の主変換反応は､脱水､加水､レトロアルドール､及び空尉封ヒ反応である
が､本章では､フルフラール､ 5-仙『､ BTOの収率変化を測定し､熱水中での脱水と加水反応は溶媒である水密度の
増加により促進されことを明らかにしている｡
第5章では､装置改良により圧力100MPaまで増加させてD-フラクト-スの変換反応を行っているo本章では､
グリセルア/レデヒド､ピルプアノレデヒドや乳厳等､レトロアルドール反応が関与する生成物の定量分析を確立し､
大部分の反応生成物収率の経時変化を測定し､各生成物収率に及ぼす温度､圧力依存性を考察しているoその結果､
水分子が活性錯体に関与すると考えられる反応は水密度増加により促進されることを見出し､ピルブアルデヒドか
らのベンジル酸転位反応で生成する乳酸の収率増加は水の触媒作用で説明しできることを示している｡さらに､フ
ルフラール収率の経時変化からその生成経路として､ D-グルコース､ D-フラクト-スからの水分子の関与したレト
ロアルドールの存在を新たに提示している｡
第6章では､ D-グルコース､ D-フラクト-スからの生成物であるグリセルアルデヒド､デヒドロキシアセトン､
51Wの変換反応を5章と同様な実験条件で行っているo異性休であるグリセルアルデヒドとデヒドロキシアセト
ンは全く同じ生成物を与えること､ 5寸MFは高温でも比較的安定で､糖の分解生成物である御幾酸の角地を作用で分
解が促進される可能性があることを述べている｡
第7章は､最も精度の高いデータが得られたグリセルアルデヒドとデヒドロキシアセトンの変換反応の動力学解
析を行い､各生成物収率の経時変化のシミュレーションを行い､各反応式の速度定数を求めている｡その結果､ピ
ルプアルデヒド-の反応経路は従来提案されているグリセルアルデヒドの脱水経路に加えてデヒドロキシアセトンノ
の脱水経路の存在を予測している｡また､各速度定数の密度依存性と､ 4､ 5章の結果と併せて､より明確なD-グル
コース､ D-フラクト-スの高温､高圧水中での変換反応の経路と反芯条件-の依存性を提示している.
第8章では､本研究成果を総括し､今後の展開について言及している｡
以上要するに本論文は､高温､高圧水中での糖の化学と動力学を明らかにしたもので､持続可能な社会構築に必
須なノVオマス化学に資するもので､環境科学､糖化学､化学工学の発展に寄与するところが少なくない.　よっ
て､本論文は博士(環境科学)の学位論文として合格と認める｡
＼
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